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Abstract
We investigate Higgs-radion mixing scenario through single radion photoproduction process pp→
pγp → pRqX at the LHC. We consider high luminosity values of Lint = 200 fb−1, 500 fb−1 and
3000 fb−1. We obtain bounds on the mixing parameter space by considering R→ γγ, R→W+W−
and R→ ZZ decay channels of the radion as the signal. We also perform a similar analysis for a
100 TeV future proton-proton collider and compare its potential with that of LHC.
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Introduction
The standard model (SM) of particle physics which describes the interaction of funda-
mental particles has been proven to be successful in the experiments carried out at the Large
Hadron Collider (LHC) and elsewhere. The last important confirmation of the SM is the
discovery of the Higgs boson whose existence was verified experimentally by ATLAS and
CMS Collaborations. Shortly after its discovery, a possibility that Randall-Sundrum (RS)
radion can be responsible for this new 125 GeV excess, has been discussed in some papers
[1–4]. Indeed RS radion has very similar properties with the SM Higgs boson. Both are
scalar bosons and couple to SM particles proportional to their mass. An important differ-
ence is originated from trace anomaly; the coupling of the radion to photon and gluon pair
is larger than that of the Higgs. Although it is experimentally difficult to discern radion
from Higgs boson, a detailed analysis shows that the observed new scalar is likely to be the
SM Higgs instead of RS radion [2, 3] 1. However, similarities between SM Higgs and RS
radion are remarkable and lead us to think about an interesting scenario called Higgs-radion
mixing [5–21]. According to this scenario the Higgs boson can mix with a radion field and
constitute two physical mixed states. The one of the mixed state might have a mass of 125
GeV. Hence, the observed scalar at the LHC is not the SM Higgs but it is Higgs-like mixed
state [16, 20]. The detection of the other radion-like mixed state in a collider experiment
will be an evidence for the new physics and Higgs-radion mixing.
In this paper we investigate Higgs-radion mixing scenario through the process pp →
pγp → pRqX at the LHC and at future proton-proton collider. A schematic diagram
describing this reaction is given in Fig 1. This process is possible at a proton-proton collider
by virtue of equivalent photon approximation (EPA) [22–24]. According to EPA one or
both of the incoming proton beams can emit equivalent photons having a low virtuality
Q2 = −q2γ ≈ 0, where qγ is the momentum of equivalent photon. Due to this low virtuality
behavior, equivalent photons can be assumed to be real and a photon-photon or a photon-
proton collision process can be studied as a subprocess in a proton-proton collision. We
consider 10 independent subprocesses γq → Rq, where q = u, d, s, c, b, u¯, d¯, s¯, c¯, b¯ quarks.
Here, R represents radion-like mixed state.
1 We mean the radions in the RS-1 model not in some extended version of the original model.
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Although hadron colliders are essentially designed to examine deep inelastic scattering
processes, it was shown experimentally at the Fermilab Tevatron and later at the LHC that
complementary to deep inelastic hadron collisions it is possible to study photon-photon and
photon-hadron collisions via elastic photon emission in a hadron collider [25–34]. Recent
results from CMS and ATLAS Collaborations show that these photon processes at the LHC
poses a considerable potential to probe new physics beyond the SM [30–32]. One important
advantage of photon processes in comparison to deep inelastic hadron collisions is that
they provide clean experimental channels which do not contain many QCD backgrounds
and uncertainties from proton dissociation. This makes it easy to determine any possible
signal which may come from new physics. The phenomenological works on new physics
via photon-photon and photon-proton collisions at the LHC have been growing rapidly.
These works embrace a wide range of models beyond the SM such as extra dimensions,
magnetic monopoles, supersymmetry etc. It is not possible to cite all of these works, but
some representative papers are given in references [35–73].
RS model of extra dimensions and the Higgs-radion mixing
Although SM is successful in explaining fundamental particles and their interactions at
the energy scale of current colliders, there remains some unanswered questions which still
need to be addressed. One such unanswered problem is the hierarchy problem which can be
briefly summarized as the unexplained large energy gap between the electroweak scale and
the Planck scale. Extra dimensional models provide solution to the hierarchy problem. One
of the popular extra dimensional models which offers a solution to the hierarchy problem
is the Randall-Sundrum (RS) model of warped extra dimensions [74]. This original model
which assumes a small extra dimension is sometimes called RS-1 model. It shouldn’t be
confused with RS-2 model with an infinite extra dimension [75, 76]. According to RS-1
model there is one extra spatial dimension and two 3-branes located at the fixed points of
the orbifold S1/Z2. If y represents the extra dimensional coordinate and rc is the compact-
ification radius then 3-branes are located at positions y = 0 and y = πrc. The 3-brane at
y = 0 is called the Planck brane or the hidden brane and the other 3-brane (y = πrc) is
called the TeV brane or the visible brane. It is assumed that all SM fields are confined on
the TeV brane whereas the gravity can propagate into the bulk. 5-dimensional bulk is an
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anti-de Sitter space and have a cosmological constant Λ. Its geometry is described by the
metric [74]
ds2 = e−2k|y|ηµνdxµdxν − dy2, (1)
where k represents the bulk curvature. If the metric (1) is substituted into the action and
the y coordinate is integrated out then the following relation between the Planck scale (M¯P l)
and the fundamental scale (M) is deduced:
M¯2P l =
M3
k
(1− e−2krcpi). (2)
The large mass difference between the Planck scale and the fundamental scale can be elim-
inated if we choose k ≈ M¯P l and krcπ ≈ 35. Consequently, the hierarchy problem is solved.
In the original paper of the RS-1 model [74], the compactification radius is associated with
the vacuum expectation value of a scalar field. However, rc is not determined by the dynam-
ics and hence the value of rc is somewhat arbitrary. The metric in (1) can be considered as
a background metric and the fluctuation in the y-coordinate results in a scalar field called
the radion. Goldberger and Wise proposed a mechanism for stabilizing the size of the fifth
dimension [77]. They introduce a bulk scalar field propagating in the background metric
with interaction terms on the branes generates a potential that can stabilize the radion. The
mass and the vacuum expectation value of the radion can be determined from this potential.
The metric in 5 dimensions can be written as [5, 6, 16]
ds2 = e−2(krc|φ|+F (x,φ))ηµνdx
µdxν − (1 + 2F (x, φ))2r2cdφ2. (3)
Here, F (x, φ) represents the scalar perturbation and it can be given in the following form:
F (x, φ) = Φ(x)R(φ). In this formula, the function R(φ) is determined by demanding that
the metric in (3) solves Einstein field equations. Φ(x) represents the 4-dimensional radion
field which is canonically normalized. The approximate solution for the scalar perturbation
is given by
F (x, φ) =
Φ(x)
Λφ
exp {2krc(φ− π)} (4)
where Λφ =
√
6MP l exp (−krcπ) [5, 6].
Various extended versions of the RS-1 model were considered in the literature. In some
versions of the model, not only the gravity but also some other particles are allowed to
4
propogate in the extra dimension. Consequently, there are Kaluza-Klein (KK) excitations of
these bulk particles; but in many extended versions of the RS-1 model these KK excitations
are very heavy and their direct contribution to the processes at the LHC energies can be
ignored. On the other hand, the mass of the radion can be smaller than the TeV scale and
can be directly detected at the LHC [16–20]. We assume such a scenario and employ the
same formalism used in Refs. [16, 20].
The radion coupling to massive gauge bosons and fermions have a similar form to that of
the Higgs boson. The only difference is that the radion couplings are inversely proportional
to Λφ whereas Higgs couplings are inversely proportional to the electroweak scale ν. On the
other hand, the couplings of the radion to photon and gluon receive additional contributions
from tree-level couplings [78] and also from trace anomalies [5]. The interaction Lagrangian
for the Higgs boson and the radion to massless gauge bosons are given by [16, 20]
Lh = 1
8πν
{
αbhEM hFαβF
αβ + αsb
h
QCD hG
(a)
αβG
(a)αβ
}
(5)
Lr = 1
4Λφ
{(
α
2π
brEM +
1
krcπ
)
rFαβF
αβ +
(
αs
2π
brQCD +
1
krcπ
)
rG
(a)
αβG
(a)αβ
}
(6)
where h and r represent Higgs and radion fields, α and αs are the electromagnetic and strong
coupling constants and
bhQCD = Ff , b
r
QCD = 7 + Ff (7)
bhEM =
8
3
Ff − FW , brEM = −
11
3
+
8
3
Ff − FW (8)
Ff = τf (1 + (1− τf)f(τf )) (9)
FW = 2 + 3τW + 3τW (2− τW )f(τW ) (10)
f(τ) =


(
arcsin 1√
τ
)2
; τ > 1
−1
4
(
log η+
η
−
− iπ
)2
; τ < 1

 (11)
τ =
(
2m1
m2
)2
, η± = 1±
√
1− τ . (12)
Here, m1 represents the mass of the particle in the loop and m2 represents either the radion
or the Higgs mass. We do not give the interaction Lagrangians of the radion and Higgs to
other SM particles. These can be found in the literature. For example see Ref.[16] or [20].
The mixing between the Higgs and the radion fields can be generated by the following
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action [5, 6]
Sξ = ξ
∫
dx4
√
gTeVR(gTeV )H
†H (13)
where gTeV is the induced metric on the TeV brane, R(gTeV ) is the coresponding 4-
dimensional Ricci scalar and ξ is the mixing parameter. The effective action (13) give
rise to the following Lagrangian containing bilinear fileds
Lmix = −1
2
(1 + 6γ2ξ)rr − 1
2
m2rr
2 − 1
2
m2hh
2 − 1
2
hh+ 6ξγhr (14)
where mr and mh are the radion and the Higgs mass and γ = ν/Λφ. The kinetic part of the
above Lagrangian can be diagonalized by redefining the radion and the Higgs fields. The
transformation which diagonalizes the Lagrangian is given by [6, 16]
h = dH + cR, r = aR + bH (15)
where
d = cos θ − 6ξγ
Z
sin θ, c = sin θ +
6ξγ
Z
cos θ (16)
a =
cos θ
Z
, b = −sin θ
Z
(17)
Z =
√
β − 36ξ2γ2, β = 1 + 6ξγ2. (18)
Here, the angle θ can be solved from the following equation:
tan 2θ =
12ξγZm2h
m2r −m2h (Z2 − 36ξ2γ2)
(19)
In eqn.(15) the mass eigenstates are represented by R and H . These are mixed fields
containing both h (SM Higgs) and r (RS radion). The notation is due to the fact that when
the mixing parameter converges to zero (ξ → 0), the fields h and r converge to H and R
respectively. Therefore, H refers to Higgs-like and R refers to radion-like mixed state. We
will denote the masses of these mixed scalars by mH and mR. Their values can be obtained
by diagonalizing the Lagrangian (14) through the transformation (15) and given by
m2± =
[
m2r + βm
2
h ±
√
(m2r + βm
2
h)
2 − 4m2rm2hZ2
]
/2Z2 (20)
where m+ = mR and m− = mH if mR > mH and m+ = mH and m− = mR if mR < mH . In
the first case (mR > mH), the masses for h and r fields are given as a function of m+, m−
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by
m2r =
Z2
2
[
m2+ +m
2
− +
√
(m2+ +m
2
−)
2 − 4m
2
+m
2−β
Z2
]
(21)
m2h =
Z2
2β
[
m2+ +m
2
− −
√
(m2+ +m
2−)
2 − 4m
2
+m
2−β
Z2
]
(22)
and in the second case (mR < mH) they are given by
m2r =
Z2
2
[
m2+ +m
2
− −
√
(m2+ +m
2−)
2 − 4m
2
+m
2−β
Z2
]
(23)
m2h =
Z2
2β
[
m2+ +m
2
− +
√
(m2+ +m
2−)
2 − 4m
2
+m
2−β
Z2
]
. (24)
We observe from (21)-(24) that the term inside the square root must be positive for physical
masses. Therefore we have a condition
(
m2R +m
2
H
)2 − 4m2Rm2Hβ
Z2
> 0 (25)
which must be satisfied for mR and mH . The interaction Lagrangians for mixed-radion and
mixed-Higgs to massless gauge bosons can be obtained from Lagrangians (5) and (6) by
means of the transformation (15). These can be written as
LH = 1
8πν
{[
d α bhEM + bγ
(
2
krc
+ αbrEM
)]
HFαβF
αβ
+
[
d αs b
h
QCD + bγ
(
2
krc
+ αsb
r
QCD
)]
HG
(a)
αβG
(a)αβ
}
(26)
LR = 1
8πν
{[
c α bhEM + aγ
(
2
krc
+ αbrEM
)]
RFαβF
αβ
+
[
c αs b
h
QCD + aγ
(
2
krc
+ αsb
r
QCD
)]
RG
(a)
αβG
(a)αβ
}
. (27)
Eventually, the Higgs-radion mixing scenario is described by 4 parameters. These parameters
are: ξ, Λφ, mR and mH . However, if we assume that the observed scalar at the LHC is not
the SM Higgs h but it is Higgs-like mixed state H , then we should take mH = 125 GeV and
3 independent parameters remain.
For the aim of completeness, we give the lagrangian that describes γZR interaction. This
lagrangian receives contributions from fermions and W bosons circulating in the loop and
given by [79–81]
LRγZ = α
4π sin θW
[
Ah
c
ν
+ Ar
a
Λφ
]
RFαβZ
αβ. (28)
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where
Ar,h = Ar,h1 (xW , λW ) +
∑
f
NcQfvf
cos θW
Ar,h1/2(xf , λf). (29)
The explicit expressions for the functions Ar,h1 (xW , λW ) and A
r,h
1/2(xf , λf) and also other
necessary definitions can be found in Refs.[79, 80] (see also Ref.[81]).
The cross section of pp→ pγp→ pRqX and Numerical Results
The cross section for single mixed-radion production pp→ pγp→ pRqX can be obtained
by integrating the cross section for the subprocesses γq → Rq over the equivalent photon
and quark distributions dNγ
dx1
and dNq
dx2
:
σ (pp→ pγp→ pRqX) =
∑
q
∫ x1max
x1min
dx1
∫ 1
0
dx2
(
dNγ
dx1
)(
dNq
dx2
)
σˆγq→Rq(sˆ). (30)
where the sum is performed over q = u, d, s, c, b, u¯, d¯, s¯, c¯, b¯ quarks. Therefore, 10 indepen-
dent subprocesses are assumed to contribute to the main process. In the integral (30), x1
represents the energy ratio between the equivalent photon and initial proton and x2 is the
momentum fraction of the proton’s momentum carried by the quark. The equivalent photon
distribution function is given by the following formula [22–24, 39]
dNγ
dx1
=
α
πx1
(1− x1)
[
ϕ
(
Q2max
Q20
)
− ϕ
(
Q2min
Q20
)]
(31)
where, Q20 = 0.71GeV
2, Q2min =
m2px
2
1
(1−x1) , Q
2
max = 2 GeV
2 and the ϕ is defined by
ϕ(x) = (1 + ay)
[
−ln(1 + 1
x
) +
3∑
k=1
1
k(1 + x)k
]
+
y(1− b)
4x(1 + x)3
+c
(
1 +
y
4
)[
ln
(
1− b+ x
1 + x
)
+
3∑
k=1
bk
k(1 + x)k
]
(32)
y =
x21
(1− x1) , a =
1 + µ2p
4
+
4m2p
Q20
≈ 7.16
b = 1− 4m
2
p
Q20
≈ −3.96, c = µ
2
p − 1
b4
≈ 0.028 (33)
In the above formula, mp and µp represent the mass and the magnetic moment of the
proton. In our calculations, we evaluate the quark distributions numerically by using a
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code MSTW2008 [82]. The upper and lower limits of the x1 parameter depend on the
momentum fraction loss of the photon-emitting proton. After elastic photon emission, the
proton deviates slightly from its trajectory along the beam path. This deviation is related to
the momentum which is transferred to the photon and described by the parameter ξ.2 The
ξ parameter can be given by the formula ξ ≡ (|~p| − |~p ′|)/|~p| where ~p represents the initial
proton’s momentum and ~p ′ represents forward proton’s momentum after elastic photon
emission. At high energies (E ≫ mp) it is a good approximation to assume ξ and x1 are
equal, ξ ≈ x1. The range of ξ parameter is specified by the forward detector acceptance.
Forward detectors are capable to detect scattered protons after elastic photon emission.
The detection of such scattered protons by forward detectors is used to reconstruct the
collision kinematics and consequently γγ and γ-proton processes in a proton-proton collider
can be identified. The LHC is equipped with such forward detectors. The ATLAS Forward
Proton Detector [83] and the CMS-TOTEM Precision Proton Spectrometer [84, 85] are the
forward detectors which can serve this purpose. Indeed the process pp → pγγp → pℓℓ¯p is
observed at the LHC using the proton tagging method by CMS-TOTEM Precision Proton
Spectrometer [34]. These forward detectors cover an acceptance range of 0.015 < ξ < 0.15
[68, 71]. Therefore during calculations we set x1max = 0.15 and x1min = 0.015.
The subprocess γq → Rq is described by four tree-level Feynman diagrams (see Fig.2).
The biggest contribution comes from t-channel diagram that contains the γγR vertex. As we
have mentioned before, this vertex receive additional contributions from tree-level couplings
and also from trace anomalies. The quark-radion couplings also have tree-level contribu-
tions. But these are proportional to the quark mass and give minor contributions for light
quarks. Moreover, the quark distributions for heavy quarks (b and t) in the proton are
considerably small compared with valance quark distributions (t quark distribution can be
safely neglected.).
In Figs.3-5 we plot the total cross section of the process pp→ pγp→ pRqX as a function
of the mixing parameter ξ for various values of the mixed radion mass mR and the scale Λφ.
We observe from these figures that the range of the ξ increases when mR and Λφ increases.
This behavior originates from Eq.(25) which gives us the theoretically allowed region for ξ.
We also observe from the figures that for a fixed value of the ξ parameter, the cross section
2 One should be careful not to confuse it with the mixing parameter.
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increases as the Λφ decreases. The minima of the plots deviate slightly as a function of mR
for large mass values greater than the mixed Higgs mass (mR > mH). However, when mR
becomes smaller than mH , a sudden change occurs in the cross section. This fact is reflected
in the figures (see the plots for mR = 100 GeV) and is a result of Eq.(20) (see also (21)-(24)).
The mixed radions produced via this process can be detected by the central detectors
through their decay products. Therefore, the invariant mass measurement of the radion
decay products is crucial to determine the radion mass and discern the process pp→ pγp→
pRqX from some possible SM background processes. We analyze the process by considering
three different decay channel of the mixed radion: R→ γγ, R→W+W− and R→ ZZ. In
the first case, the number of events is given by N = S × Lint × σ(pp → pγp → pRqX) ×
BR(R → γγ), where BR(R → γγ) is the branching ratio, Lint is the integrated luminosity
and S is the survival probability factor which is taken to be 0.7. The invariant mass of
the final photon pair can be evaluated using the photon energies and the angle between
the photons measured in the electromagnetic calorimeter. The uncertainty associated with
photon detection is generally lower than the uncertainties associated with the detection of
other particles (quarks, gluons or leptons as well). Therefore, we assume that the radions,
if they exist, can be detected and discerned from the SM signals by performing an invariant
mass measurement on the final photon pair. Hence, the number of observed events in the
SM prediction is assumed to be zero. Therefore, during statistical analysis for R → γγ
decay cahnnel, we employ the Poisson distribution formula to constrain the free model
parameters ξ, Λφ and mR. In the Poisson distribution formula, the upper limit of the
number of events Nup gives 3 events at 95% C.L [86]. The upper limit of number of events
can be converted to the limits of model parameters through the formula N(ξ,Λφ, mR, Lint) =
Nup = 3. Therefore, the restricted region in the parameter space corresponds to the values of
the model parameters which satisfy N ≥ 3. During numerical calculations, we also impose
a pseudorapidity cut of |η| < 2.5 for all final state particles. In Fig.6 we show the restricted
regions in the ξ − mR parameter plane for the integrated luminosites of Lint = 200 fb−1,
500 fb−1 and 3000 fb−1. Three panels from left to right show the restricted regions for three
diffrent values of the energy scale Λφ= 1 TeV, 3 TeV and 5 TeV.
The statistical analysis in the case of R→ W+W− and R→ ZZ decay channels is more
complicated compared with R → γγ case. In order to discern the radions experimentally
we should determine the invariant mass of the final WW and ZZ pairs with some precision.
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However, the uncertainties associated withW and Z boson detection are considerably larger
than the uncertainties associated with photon detection. Therefore, the invariant mass of the
final WW and ZZ pairs can not be determined strictly. We assume that the invariant mass
of the final particle pairs can be determined with a 20 GeV inaccuracy ,i.e., mR−10 GeV <
minv < mR+10 GeV. There are some SM processes which give the same final states. These
SM backgrounds cannot be eliminated even if the above invariant mass cut is imposed.
For instance, there are 26 SM subprocesses of the form γq → W+W−q′ which contribute
to the process pp → pγp → pW+W−qX . The sum of all these SM contributions gives
an integrated cross section of 1, 2 × 10−3 pb when we impose an invariant mass cut of
490 GeV < minv < 510 GeV on the final W
+W− pair. This makes approximately 100
events for Lint = 200 fb
−1. Therefore, in the case of R → W+W− and R → ZZ decay
channels we employ χ2 analysis and assume that SM cross section is equal to the sum of the
cross sections for SM backgrounds with the appropriate cuts imposed. The χ2 function is
defined by
χ2 =
(
NAN −NSM
NSM δ
)2
(34)
where, NAN is the number of events containing both new physics and SM contributions, NSM
is the number of events expected in the SM and δ = 1√
NSM
is the statistical error. To be
precise for R→W+W− case, NSM = S×Lint×σbackground(pp→ pγp→ pW+W−qX)×Br2
and NAN = S × Lint × σ(pp → pγp → pRqX) × BR(R → W+W−) × Br2 + NSM , where
BR(R→W+W−) is the branching ratio for the R→ W+W− decay and Br is the branching
ratio of the W boson to hadrons. For R→ ZZ case, the number of events can be obtained
in a similar manner but we consider the branching ratios for both Z → hadrons and Z →
leptons. We use the following values for the branching ratios: Br(W → hadrons) = 0.674,
Br(Z → hadrons) = 0.699 and Br(Z → leptons(e−e+, µ−µ+)) = 0.067. The background
contributions have been calculated by using CalcHEP 3.6.20 [87].In Figs.7-9 we present 95%
C.L. restricted regions in the ξ −mR parameter plane obtained from two parameter χ2 test
for the processes pp → pγp → pRqX → p(W+W−, ZZ)qX . As in the R → γγ case, we
consider Lint = 200 fb
−1, 500 fb−1 and 3000 fb−1 integrated luminosity values and Λφ=
1 TeV, 3 TeV and 5 TeV values for the energy scale.
The physics potential of a future circular collider (FCC) has been discussed by the physics
community and the interest in the subject is growing rapidly [88, 89]. Such a very high
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energetic machine is expected to have a great potential to probe the new physics. For the
purpose of comparison, we have performed a similar analysis and obtain the sensitivity
bounds for a proton-proton collider with the center-of-mass energy of 100 TeV. During
calculations, we assume an integrated luminosity of Lint = 3000 fb
−1 and forward detector
acceptance range of 0.015 < ξ < 0.15 (same acceptance range with LHC). The bounds on
the ξ−mR parameter plane are given in Fig.10 for R→ γγ decay channel and in Figs.11-13
for R→W+W− and R→ ZZ decay channels. We plot both FCC (√s = 100TeV) and LHC
(
√
s = 14TeV) bounds on the same graph in order to provide convenience in comparison.
Conclusions
Complementary to deep inelastic proton-proton collisions photon-photon and photon-
proton collisions via elastic photon emission can be studied in a proton collider. We inves-
tigate the potential of single radion photoproduction process pp → pγp → pRqX to probe
new physics which may originate from Higgs-radion mixing. We consider high luminosity
values Lint = 200 fb
−1, 500 fb−1 and 3000 fb−1 of the LHC with
√
s = 14TeV. Even though
the radions cannot be detected directly by the central detectors, their existence can be in-
ferred from their decay products. We consider R → γγ, R → W+W− and R → ZZ decay
channels of the radion as the signal. As we have shown from Fig.6 the restricted region
obtained for R→ γγ decay channel very depends on the luminosity. For instance, at Λφ = 3
TeV and mR = 400 GeV, the restricted ξ interval is enlarged by approximately a factor of
12 when luminosity increases from 500 fb−1 to 3000 fb−1. It is evident from Fig.6 that the
restricted region almost vanishes for luminosites Lint < 200 fb
−1. On the other hand, we
observe from Figs.7-9 that luminosity has a relatively minor effect on the sensitivity bounds
for R→W+W− and R→ ZZ cases.
For the purpose of comparison, we have also obtained the bounds on the ξ−mR parameter
plane for a future proton-proton collider with
√
s = 100TeV. We see from Figs.10 that when
we consider R→ γγ decay channel, FCC probes mixed radions with a far better sensitivity
than the LHC. This feature is more prominent for large values of the energy scale Λφ and
the mass mR. On the other hand, we see from Figs.11-13 that in the R → W+W− and
R→ ZZ cases FCC provide a slight improvement in the sensitivity bounds with respect to
12
LHC for Λφ = 3 and 5 TeV.
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γFIG. 1: The schematic diagram which illustrates the process pp→ pγp→ pRqX.
γ
γ
γ γγ
FIG. 2: The Feynman diagrams for the subprocess γq → Rq.
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FIG. 3: The total cross section of the process pp → pγp → pRqX as a function of the mixing
parameter ξ for various values of the mixed radion mass mR stated on the figure. The center-of-
mass energy of the proton-proton system is taken to be
√
s = 14 TeV and Λφ = 1 TeV.
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FIG. 4: The total cross section of the process pp → pγp → pRqX as a function of the mixing
parameter ξ for various values of the mixed radion mass mR stated on the figure. The center-of-
mass energy of the proton-proton system is taken to be
√
s = 14 TeV and Λφ = 3 TeV.
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FIG. 5: The total cross section of the process pp → pγp → pRqX as a function of the mixing
parameter ξ for various values of the mixed radion mass mR stated on the figure. The center-of-
mass energy of the proton-proton system is taken to be
√
s = 14 TeV and Λφ = 5 TeV.
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FIG. 6: 95% C.L. restricted regions in the ξ −mR parameter plane for the integrated luminosites
stated on the figures. R→ γγ decay channel of the mixed radion is considered as the signal. The
center-of-mass energy of the proton-proton system is taken to be
√
s = 14 TeV. The left, middle
and right panels show restricted regions for Λφ = 1 TeV, Λφ = 3 TeV and Λφ = 5 TeV respectively.
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FIG. 7: 95% C.L. restricted regions in the ξ −mR parameter plane for the integrated luminosites
stated on the figures. In the left panel we consider R→W+W−; W± → hadrons decay channels of
the mixed radion. In the middle and right panels we consider R→ ZZ; Z → leptons and R→ ZZ;
Z → hadrons decay channels respectively. The center-of-mass energy of the proton-proton system
is taken to be
√
s = 14 TeV and Λφ = 1 TeV.
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FIG. 8: The same as FIG. 7 but for Λφ = 3 TeV.
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FIG. 9: The same as FIG. 7 but for Λφ = 5 TeV.
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FIG. 10: 95% C.L. restricted regions in the ξ − mR parameter plane for FCC (
√
s = 100 TeV)
and LHC (
√
s = 14 TeV). R → γγ decay channel of the mixed radion is considered as the signal.
The integrated luminosity is taken to be Lint = 3000 fb
−1. The left, middle and right panels show
restricted regions for Λφ = 1 TeV, Λφ = 3 TeV and Λφ = 5 TeV respectively.
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FIG. 11: 95% C.L. restricted regions in the ξ − mR parameter plane for FCC (
√
s = 100 TeV)
and LHC (
√
s = 14 TeV). In the left panel we consider R → W+W−; W± → hadrons decay
channels of the mixed radion. In the middle and right panels we consider R → ZZ; Z → leptons
and R→ ZZ; Z → hadrons decay channels respectively. The integrated luminosity is taken to be
Lint = 3000 fb
−1 and Λφ = 1 TeV.
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FIG. 12: The same as FIG. 11 but for Λφ = 3 TeV.
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FIG. 13: The same as FIG. 11 but for Λφ = 5 TeV.
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